Thioesters and thioacetic acid (TAA) have been invoked as key reagents for the origin of life as activated forms of acetate analogous to acetyl-CoA. These species could have served as high-energy grouptransfer reagents and allowed carbon insertions to form higher molecular weight compounds such as pyruvate. The apparent antiquity of the Wood-Ljungdahl CO 2 fixation pathway and its presence in organisms which inhabit hydrothermal (HT) environments has also led to suggestions that there may be a connection between the abiotic chemistry of compounds similar to TAA and the origins of metabolism. These compounds' apparent chemical simplicity has made their prebiotic availability assumed, however, although the kinetic behavior and thermochemical properties of TAA and analogous esters have been preliminarily explored in other contexts, the geochemical relevance of these compounds merits further evaluation. Therefore, the chemical behavior of the simplest thiolated acetic acid derivatives, TAA and methylthioacetate (MTA) were explored here. Using laboratory measurements, literature data, and thermochemical models, we examine the plausibility of the accumulation of these compounds in various geological settings. Due to the high free energy change of their hydrolysis and corresponding low equilibrium constants, it is unlikely that these species could have accumulated abiotically to any significant extant.
abundant in some geological settings, particularly in "serpentinizing systems, " in which reduced iron is oxidized by water yielding higher oxidation state iron oxides and H 2 ( Fig. 1 ) 22 . CO has a high affinity for transition metals 23 , and surface catalysis is proposed to play a major role in several origin of life schemes involving thioesters, though sometimes the particular mineral is also a reagent in that it supplies reducing equivalents (e.g., chemistries involving the FeS-FeS 2 redox couple 24 ). Surface bound organics are then proposed to undergo carbonyl-insertion reactions, which have been experimentally verified to occur under laboratory conditions 25 , in a process which could ultimately give rise to autocatalytic chemical cycles which depend on thioesters 2 . However, as TAA and thioesters are "high-energy" compounds, in that their hydrolysis is very thermodynamically favorable; their formation is then unfavorable, though the problems that may preclude their formation may be kinetic rather than thermodynamic, as we show here.
Interest in thioester chemistry due to the importance of CoA derivatives in biochemistry led to several controlled studies of their physical chemistry [26] [27] [28] . For example, TAA hydrolysis to acetic acid over a wide range of pH and temperature values has been explored to allow comparison with CoA hydrolysis. Δ G and E a values for this reaction are available in the chemical literature 26, 28 . We examine here the equilibrium and kinetics of formation and hydrolysis of TAA and MTA using literature data corroborated and bolstered with experimental data over a wide geochemically relevant set of conditions. The abiotic chemistry of thioesters and their possible occurrence in natural HT environments is then discussed in the context of prebiotic chemistry.
Materials and Methods
Acetic acid (99.99%), sodium methanethiolate (95%), Na 2 S·9 H 2 O (98%), NaHS·x H 2 O, MTA and TAA (96%, with the principal congener being acetic acid as determined by 1 H NMR spectroscopy) were purchased from Sigma-Aldrich and used without further purification. D 2 O (99.9%) was purchased from Wako. Water (18.2 MΩ at 25 °C) was obtained from a Milli-Q Integral 3 Water Purification system.
In a typical experiment, TAA or MTA were mixed with 4:1 H 2 O/D 2 O to give a final concentration of 0.36 M or 0.036 M before the solution was placed into an NMR tube under air. A 0.1 M sodium carbonate buffer was used for pH 10 reactions and a 0.1 M sodium phosphate buffer was used for pH 7 reactions. 0.1 M phosphoric acid was used to adjust the pH of reactions conducted at pH 2.5. The natural pH of a 0.36 M aqueous TAA solution was measured as 2.5, increasing to ~3.8 after complete hydrolysis.
NMR analysis was begun within 10 minutes of preparing the mixtures. 1 H NMR experiments were conducted in 5 mm outer diameter borosilicate and constricted NMR tubes (Norell Standard series) using a Bruker Avance III spectrometer. Temperature was held constant during measurements within + /− 0.1 °C using a variable temperature unit. The pH of the reactions was monitored by placing aliquots of the reaction mixtures on Sigma-Aldrich Hydrion Brilliant disposable pH sticks, which are accurate to + /− 0.1 pH unit. pH was further measured using a Mettler Toledo HM-25R pH meter. Reported pH values were not adjusted for the presence of D 2 O, which may introduce an inaccuracy of up to ~0.4 pH units at 25 °C 29 . Ionic strength was not explicitly controlled, but this has been found to have a relatively minor effect on TAA hydrolysis rates 28 . Density Functional Theory (DFT) calculations were performed using the Jaguar 8.9 software package purchased from Schroedinger, Inc. 30 with the B3LYP/6-31G* basis set. The modified Scaled Quantum Mechanical (SQM) Force Fields method 31 was used to scale vibrational frequencies to improve calculations of thermochemical properties which were computed over 273.15 K to 573.15 K. Any remaining errors in absolute Gibbs free energies should be symmetrical and thus be cancelled out in calculation of the reaction Δ G values shown in Table 1 . Energy of solvation in water was calculated using the Poisson Boltzmann Solvation model 32 with energies of solvation included in the reported free energies. Frequencies less than 10 cm −1 were omitted from energy calculations for consistency with the harmonic approximation used for calculation of thermochemical properties 30 . Figure 1 . Some proposed mechanisms for the abiotic production of TAA and MTA in HT settings. The thick line represents a mineral surface (e.g., a metal sulfide or oxide).
Results
Kinetics of TAA and MTA Hydrolysis. TAA or MTA hydrolysis leads to the formation of acetic acid (CH 3 COOH or AcOH) and H 2 S or CH 3 SH (Equation 1):
TAA and MTA hydrolysis and equilibrium was examined directly in real time by 1 H NMR (Fig. 2) . Acetic acid was the only observable product of TAA degradation by 1 H NMR. Oxidative coupling to generate disulfides was not observed in any experiment. TAA and MTA hydrolysis was fit to a pseudo-first order kinetic model, which gave rates consistent with those previously measured to within ± 9.8% 28 . Measured TAA and MTA hydrolysis rates and corresponding half-lives as a function of temperature at pH 2.5, 7 and 10 are shown in Fig. 3 origin of life models for off-axis serpentinizing environments, TAA has a half-life of a few years, while that of MTA is a few hours.
It is worth noting that the dielectric constant of water drops by ~20-30% between the lowest and highest temperature points explored here for each compound and set of pH values 36 , nevertheless the Arrhenius plots are linear over this range.
Thermodynamics of TAA and MTA Hydrolysis. DFT calculations at the B3LYP/6-31G* level were used to obtain Gibbs energies of formation for aqueous TAA, MTA, and their hydrolysis products. These values were then used to calculate the Δ G of hydrolysis for each species between 0 and 300 °C. The change in protonation state of the reactants and products with changing pH was also considered. The results of these calculations are shown in Table 1 .
For comparison, some measured free energies of hydrolysis of other simple thioesters are provided here: S-propyl-thioacetate, − 32.2 kJ mol −1 37 , thiobenzoate, −32.2 kJ mol −1 27 , and acetyl CoA, − 35.6 kJ mol −1 38 . The calculated Δ G of − 51.7 kJ mol −1 for TAA at 0 °C and pH 2.5 gives an equilibrium constant for TAA synthesis from acetic acid and H 2 S of ~1.3 × 10 −10 , strongly favoring hydrolysis. At higher temperatures the equilibrium constant is somewhat higher: at 300 °C it is ~7.3 × 10 −6 (Fig. 4 ). Given these low equilibrium constants, experimentally tracking the formation of TAA from acetic acid and H 2 S was experimentally difficult. Attempts were made to measure the formation of TAA and MTA from acetic acid and H 2 S or CH 3 SH at pH 2.5 between 30 to 60 °C, however no TAA or MTA was observable, even using very high initial concentrations of acetic acid and H 2 S or CH 3 SH. Our estimated 1 H NMR detection limit for TAA was ~1 μ M, corresponding to a K eq of < 5.5 × 10 −5 using 1 M acetic acid and 1 M H 2 S. As the non-detection of TAA could also have been due to sluggish kinetics, we attempted to estimate the time to equilibration based on the equilibrium constant and hydrolysis rate for pH 2.5. The rate of the forward reaction can be estimated using Equation 2: where k 1 and k −1 are the rate constants for TAA formation and TAA hydrolysis, respectively. Using the measured pseudo-first order k −1 rate constant of 1.43 × 10 −2 M −1 h −1 at 30 °C and pH 2.5, the forward rate constant (k 1 ) at can be no larger than ~2.8 × 10 −10 M −1 hr −1 , and were it that high, it would not have been detectable during the time course of our experiments.
The linearity of the Arrhenius plots presented in Fig. 3 indicates a single mechanism under each investigated set of experimental conditions. The linearity of the Arrhenius plots is further strongly indicative of a single rate limiting step. To the extent this is true, the equilibrium approximation presented in Equation 2 is valid. Moreover, the equilibria as calculated are based on the DFT activation energies for each step, which are microscopically reversible, though they may not portray the entire speciation. (Table 2 and references provided therein). Effluents range in temperature from several hundred degrees C to the temperature of ambient seawater (~2 °C), and in pH from ~2 to > 10 12 .
A variety of low molecular weight organic species have been detected in HT vent effluents 39, 40 , including various hydrocarbons, as well as variable amounts of formic acid (Table 2) . Formic acid may be derived from the hydration of CO 41 , which can itself can be derived from the water-gas shift reaction of CO 2 and H 2 , both of which are abundant in some HT settings (Table 2) 41 . At least some of the simple organics detected in modern vent effluents are generally agreed to have an abiotic origin based on their isotope systematics, though it is also acknowledged that this signal can be difficult to discern for other organics 42, 43 . Still other organics have been convincingly determined to be of biological origin. For example, the isomer distribution of amino acids detected in several HT vent fluids from the Izu-Bonin Arc strongly suggests a biological origin 44 .
Despite laboratory experiments demonstrating the production of MTA from CO and CH 3 SH 25 , evaluation of modern HT vent effluents has not provided evidence for abiotically derived CH 3 SH 45 or acetate 39 . CH 3 OH, the 48 . Thus Σ sulfide speciation in modern HT systems has been measured variably between ~0 and a maximum near 20 mM (Table 2 ). In off-axis serpentinizing vent systems such as Lost City, sulfide concentrations are typically much lower, often less than 1 mM (Table 2 ) and the majority of S is often found in the form of sulfate, despite the fact that these vents often discharge considerable amounts of dissolved H 2 45 . With regard to the propensity of HT vent chemistry to produce organics beyond the simple hydrocarbons which may be produced in trace amounts in such systems 43 , it is worth noting that HT systems chemistry may be self-regulating in many respects. High H 2 systems, which may contain large amounts of CH 4 , may inherently limit the production of higher hydrocarbons due to equilibria such as those obtained in Equation 3 49 .
The estimated Δ rG′ ° for this reaction is − 68. 16 due to the precipitation of siderite (FeCO 3 ) 51 . Thus, fluids with high dissolved inorganic carbon limit the ability of Fe 2+ to serve as a reducing agent, even though high concentrations of C species might allow for escape from the kinetic limitations of forming higher C-species.
If the upper mantle had already largely reached its modern oxidation state by 4.35 Ga, as appears to be true from recent measurements of rare earth elements in zircons 52 then modern HT vent chemistry is likely similar to what one could expect for early Earth geochemistry 12, 53 , though the composition of bulk seawater may have been markedly different. The heat flux on the primitive Earth was likely somewhat higher, making mean oceanic circulation times through seafloor HT vent systems on the whole shorter 54 , nevertheless the residence times of fluids at high temperatures would still be on average long enough to ensure equilibration of seawater with host mineralogies. There is little evidence that mantle-derived rocks have ever contained markedly higher C or S concentrations 55, 56 , though there have been significant changes in bulk ocean water composition over time 57 . pH and Fe, C, and S species concentrations in the oceans between 3.5 Ga and 4.4 Ga are poorly constrained due the lack of corroborating geological evidence.
Nevertheless, high-and low-end estimates for the concentrations of some species can be broadly constrained. Sulfide concentrations in the bulk Archaen ocean (~4-2.5 Ga) have been suggested to have been in the low mM range 48 , which is similar to concentrations observed in modern HT vent fluids (Table 2 ). For the sake of subsequent calculations, we will assume a generous 20 mM sulfide concentration for vent fluid or the bulk ocean, acknowledging that this value may be overestimated by orders of magnitude depending on the exact geochemical setting under consideration. Due to metal sulfide solubility product constraints, these values are unlikely to be underestimated in any environment.
Equilibrium TAA concentrations would be limited by H 2 S concentrations, MTA concentrations similarly by CH 3 SH concentrations. Except under strongly acidic conditions, TAA is generally more stable than MTA, but TAA is undoubtedly more plausible simply due to the likely much higher abundance of H 2 S, which is more abundant than CH 3 SH in modern HT vent fluids by a factor of 1000 or more (Table 2 ). It is difficult to envision a geochemical setting in which H 2 S concentrations are lower than CH 3 SH concentrations, due to the equilibria involved in making CH 3 SH in the first place 58 . Figure 4 shows estimates for maximal equilibrium concentrations of TAA in various HT settings, as a function of possible Σ H 2 S and Σ acetate concentrations, and using the K eq values for TAA formation derived from the calculated free energy values in Table 1 . Much of the area shown in this figure represents parameter combinations which are unlikely to be attainable in natural HT systems. Measured concentrations (Table 2) of acetate and H 2 S in fluids from Lost City 39 and hydrothermally altered biologically organic-enriched sediments from Guaymas basin 59 would yield TAA concentrations of 1.4 × 10 −49 and 2.1 × 10 −11 M, respectively. These rough equilibrium calculations do not take into account potential competing side reactions (which could only lower these values) and mineral or other types of catalysis (which in principle would only speed the time to equilibration), nevertheless the equilibria cannot be high due to the factors discussed above.
Given the second order rate and yield dependencies of condensation reactions, which typically decline inversely as a function of reactant concentrations, these concentrations are very low for the sake of performing more complex organic chemistry in HT environments. In our study, even examining the behavior of TAA or MTA concentrated far beyond what is plausible in natural marine environments, we note that only the predicted hydrolysis products are observed by NMR.
Huber and Wächtershäuser 25 reported ~0.5% acetate yields based on input CH 3 SH (8 mM) in the presence of 350 mM CO. This is ~500 times and ~3700 times the highest CH 3 SH and CO concentrations respectively measured to date in a natural vent fluid 45 . All isotopic measurements to date suggest that acetate detected in HT vent fluids is derived from biological material 39 despite being predicted to form abiotically under HT conditions 13 . Reduced carbon species in modern HT vent fluids have not been measured outside of the mM range (Table 2) , and it is clear that in some cases, for example the Guaymas Basin, high organic contents are due to the liberation of biological material from sediments 59 . These fluids contain the highest concentrations of acetate measured in submarine HT fluids to date, but acetate is a common component of naturally cracked petroleum 60 . The redox equilibrium between H 2 released by serpentinization reactions and one-C species can be constrained. C-C bond forming reactions are most kinetically favorable from formate/CO and as would be expected the equilibrium between CO and formate, a simple hydration, is obtained rapidly, while that between CO 2 and CH 4 is not 15 . Thus CO (or its hydrate) is likely the limiting reagent for higher hydrocarbon formation. 4 or various metal sulfides was proposed to proceed through MTA as an intermediate. However, the conditions of the experiment are of questionable geochemical relevance: for example, 160 mM Na 2 S was employed, which is much higher than that observed in any extant natural system (Table 2) .
Concentration processes would be necessary for the prebiotic synthesis of these compounds. Potential concentration mechanisms such as thermophoresis 62 deserve much further experimental investigation in this context. This has become a major touchstone of models for the origin of life in HT vent systems 12, 63 , though to date little evidence has been presented which suggests that small molecules such as TAA can be concentrated by several orders of magnitude by this mechanism in geochemical settings.
Dissolved Fe 2+ catalyzes TAA hydrolysis, while solid FeS had no effect under the same conditions 64 . Nevertheless, mineral surface catalysis and catalysis by dissolved organic and/or inorganic species are unlikely to solve these instability problems. TAA and MTA hydrolyze rapidly, and their formation equilibria are very low, thus little is gained by achieving equilibrium more rapidly through catalysis, and for group transfer from very low concentration transient species the resulting acylates would have to be extremely stable to accumulate.
The effect of pH on the equilibrium constants for TAA derivatives may be attributable to pK a differences between the reacting acid and thiol species, as has been suggested in the case of amide bond formation 65 . Simply based on the pK a differences between H 2 S (~7.0) and CH 3 SH (~10.4) with acetic acid (~4.8) at 25 °C, one would expect the K eq for TAA to be significantly higher than for MTA, which is concordant with our DFT calculations. For reference the pK a 's of ethane thiol (~10.6) and butane thiol (~10.5) are fairly close to those reported for CoASH (~9.6-10) 33 , thus there is no strong reason to think that higher thiols would have significantly different K eq values, and the abundances of higher thiols can reasonably be expected to be much lower.
While the pH of vent fluids has probably always been locally controlled, the pH of the prebiotic oceans remains uncertain. The best geochemists have been able to infer is a minimum pH for the oceans, which is on the order of 5-6 66 , though some have argued for a pH closer to neutral 67 . A full explanation for the pH early oceans must account for buffering systems in addition to carbonate, for example marine clays 68 , and there is a general need to balance species such as Ca 2+ and Mg 2+ . It is not clear that a high, neutral or low pH environment bulk ocean is necessarily preferable for the origin of life, though in scenarios which invoke TAA or MTA, each has significant consequences.
Acidic oceans do not seem to be preponderant on icy worlds in our solar system where measurement has been possible, for example on Enceladus, as inferred from mass spectrometry of plume ejecta 69 . The presence of significant amounts of dissolved ammonia has been implicated as necessary to render many icy moons' subsurface water reservoirs liquid 70 . The early phases of Mars' evolution, by most accounts when Mars was most likely to have hosted surface oceans, seem to be consistent with slightly basic to circum-neutral pH, though it appears that subsequent planetary evolution drove Mars' surface into a more acidic regime 71 . It is beyond the scope of this paper to examine every conceivable reaction mechanism which could lead to thioesters in hydrothermal environments. There are other routes by which TAA derivatives could be reasonably abiotically synthesized. For example the sulfhydrolysis of acetonitrile (ACN) with H 2 S to give TAA 10 . ACN is a product of abiotic atmospheric synthesis from reducing gas mixtures 72 . The primary intermediate of the reaction of H 2 S with ACN, thioacetamide, is also unlikely to accumulate in most environments, degrading principally to TAA under basic conditions, and acetamide under acidic ones 73 . The addition of thiols to aldehydes followed by oxidation could also yield thioesters. However, this ignores the problem of thiol concentration already discussed and would require the presence of significant concentrations of aldehydes which are unlikely to be stable to the temperature and redox conditions prevailing in HT environments (see for example Nagai et al. 74 and Schulte and Shock 75 ; to our knowledge, there have been no reports to date of significant amounts of abiotic aldehydes in natural submarine HT environments). In any event the products would still suffer from the extreme hydrolytic instability demonstrated here. Such a mechanism may be more favorable in a low-temperature evaporative environment, but seems difficult in the context of a flow-through, elevated temperature marine environment.
Conclusions
The origin of life almost certainly occurred during a period for which little is left of the primary geological record. Unfortunately this means a great deal is inferred in many scenarios. Fortunately, a good deal can be extrapolated based on what is measurable in the laboratory. Modern organisms are obviously capable of internally generating high-energy compounds such as thioesters under relatively extreme conditions by coupling their synthesis to other cellular energy-dissipating reactions, and shunting them for use in other biochemical pathways before they have time to decompose. The goal of this paper is to examine the abiotic generation and behavior of thioester derivatives in natural settings and by doing so, identify constraints for prebiotic chemistry and origin of life models. Until thioesters were capable of being generated at reasonable steady states by relatively complex chemical assemblages (e.g. systems on the continuum from chemical networks to fully recognizable biological systems), it is unlikely such compounds could have contributed to the origin or maintenance of such assemblages, except possibly in certain specialized environments as discussed below. TAA and MTA differ significantly in terms of their stability and reactivity as a function of pH and temperature, though both are implausible prebiotic reagents for different reasons in different contexts.
The variety of schemes in which TAA and MTA are implicated prompted this investigation. The large free energy changes for the hydrolysis of TAA and MTA have contributed to the notion of their potential utility as acetyl-CoA analogues in prebiotic chemistry 6, 7, 25, 63 . Thioesters were implicated in the origin of life after the discovery of the importance of CoA in biochemistry and non-ribosomal peptide synthesis 7, 76 . Early models were not generally tied to any particular geochemical setting, it was merely pointed out that these compounds were sufficiently energetic, and possibly stable enough, to allow for spontaneous group transfer, and that analogue compounds play important roles in contemporary biochemistry. More recent models suggest that TAA and thioesters are vestigial links between geochemical processes and the origin of intermediary metabolism, for example as reagents for a primitive Wood-Ljungdahl-like pathway 2, 6, 18 , based on the chemistry which may occur in natural settings and the conjecture that inorganic ligands used in contemporary biological systems, such as FeS clusters, are derived cognates of naturally occurring minerals 2, 6, 77 , i.e., that life originally depended on specific environmental chemical pathways, which it gradually coopted.
In examining the kinetics of thioester exchange reactions, Whitesides and coworkers concluded that there was no a priori reason on the basis of the kinetics of hydrolysis for blanket skepticism or rejection of theories that invoke thioesters as molecules of prebiotic importance 17 . However, the kinetic and thermodynamic considerations presented here highlight difficulties which may exclude thioesters from consideration in many prebiotic contexts.
In considering the plausibility of the existence of any given species, and its possible concentrations, it is useful to adopt a systems-based analysis. The sources and sinks of species are crucial considerations, as are the temporal dynamics of material transport, and chemical kinetics and equilibria in geological settings.
It is difficult to categorically state that some species could have been present in any given concentration in any given environment on the primitive Earth, especially since there may have existed gradients of environmental parameters where many combinations of pH, temperature, and speciation could have been juxtaposed for variable amounts of time 78 . Nevertheless, one can ask questions about what combination of factors would have allowed for a set of conditions to have been common or even transiently achievable.
The instabilities and difficulty of synthesis of various organic compounds have been used previously to argue against the likelihood of various compounds' accumulation and involvement in the origin of life in certain settings 79 . TAA derivatives are considerably less stable than most of the compounds examined in these papers and must be considered critically in that light, though they are not the most unstable compounds considered in HT settings. For example, acetylphosphate has a half-life of only ~1.2 hours between pH 2.7 and 7.7 even at 39 °C 80 . A number of extant organisms carry out reactions which initially fix CO via the Wood-Ljungdahl pathway, ultimately yielding acetyl-CoA. However, while these CoA analogs could conceivably be generated in very low steady-states abiotically, they may be unlikely feedstocks for the origin of life or primitive biology. In this study, we reacted extremely high concentrations of TAA or MTA, and found that there are no products aside from the hydrolytic ones, thus there may be relatively few reactions by which acetate equivalents could be donated by TAA or its derivatives, aside from acetyl group transfer (although TAA is also known to act as an S nucleophile to alkenes 81 ), and then only in settings which allowed for considerably higher concentrations of these compounds than HT vents are likely to provide. The flux of energy made available by these compounds would likewise be insignificant compared to that available from other compounds such as CO and H 2 .
Small equilibrium amounts of TAA derivatives obtained by quenching of high temperature fluids could be produced in HT vent settings and conducted to the bulk ocean, and then concentrated by evaporation to give higher concentrations of TAA, but such a mechanism requires the site of their use to be an evaporative environment rather than the vent itself.
Lastly, since these compounds are such important reagents in so many HT origin of life schemes, their remarkable instability under typical HT environment conditions suggests estimates of the ubiquity of suitable environments for the origin of life in and beyond our solar system may be somewhat overestimated 82, 83 , if these compounds are indeed crucial for jump-starting early metabolism.
